CD4 + CD25 + regulatory T cells (Tregs) can regulate host responses to infections and tumours, and contribute to the prevention of allergies, autoimmune diseases and transplant rejection. 1-4 CD4 + CD25 + Tregs are essential for maintenance of immune homeostasis and self-tolerance. They express several crucial molecular markers, including cytotoxic T lymphocyte-associated antigen 4 (CTLA-4, also termed CD152), glucocorticoid-induced tumour necrosis factor receptor (GITR) and forkhead/winged helix transcription factor p3 (Foxp3). Knockdown of these factors leads to lethal lymphoproliferative phenotypes. 5-8 Concomitantly, CD4 + CD25 + Tregs can produce various potent anti-inflammatory cytokines, such as interleukin (IL)-10 and transforming growth factor (TGF)-β, which cause immunosuppression of effector T cells. 9-12 Moreover, CD4 + CD25 + Tregs can reduce IL-2 production and inhibit polyclonal T cell activity in vitro, 13 and Abstract Naturally occurring CD4 + CD25 + regulatory T cells (Tregs) are required to limit immune-induced pathology and to maintain homeostasis during the early-phase of sepsis. This study aimed to investigate the role of interleukin (IL)-38, a newly described member of the IL-1 cytokine family, in mediated immune response of CD4 + CD25 + Tregs in sepsis. Here, we provide evidence that expressions of IL-38 and its receptor were detected in murine CD4 + CD25 + Tregs. Stimulation of CD4 + CD25 + Tregs with LPS markedly up-regulated the expression of IL-38. Treatment with rmIL-38 dramatically enhanced the immunosuppressive activity of CD4 + CD25 + Tregs after LPS stimulation and in septic mice induced by CLP, resulting in amplification of helper T cell (Th) 2 response and reduction in the proliferation of effector T cells. These effects were robustly abrogated when anti-IL-38 antibody was administered. Administration of rmIL-38 improved the survival rate of CLP mice. In addition, CD4 + CD25 + Tregs depletion before the onset of sepsis obviously abolished IL-38-mediated protective response. These findings suggest that IL-38 enhances the immunosuppressive activity of CD4 + CD25 + Tregs, which might contribute to the improvement of host immune function and prognosis in the setting of sepsis. K E Y W O R D S immune response, interleukin-38, regulatory T cells, sepsis
they exploit distinct mechanisms to modulate responses mediated by helper T cell (Th)1, Th2 or Th17 cells. [14] [15] [16] Sepsis is a major cause of admission to intensive care units and is associated with elevated mortality. In the development of sepsis, infection causes aberrant inflammatory and immune responses, leading to multiple organ failure. [17] [18] [19] [20] [21] CD4 + CD25 + Tregs are critically participated in the maintenance of immune homeostasis in the setting of sepsis. Following recovery from severe sepsis, mice models showed increases in CD4 + CD25 + Tregs. In contrast, depletion of Tregs was associated with increased IL-6 levels and mortality in the early-phase of sepsis. [22] [23] [24] Genetic or immunological inhibition of Tregs resulted in acute death in lipopolysaccharide (LPS)-challenged mice because of exaggerated inflammatory response. [25] [26] [27] Adoptive transfer of in vitro-stimulated CD4 + CD25 + Tregs before or 6 hours after caecal ligation and puncture (CLP) reduced the mortality in mice and improved bacterial clearance. [28] [29] [30] Overall, these findings indicate that CD4 + CD25 + Tregs can help to limit uncontrolled inflammation, promote bacterial clearance and improve survival in the early hyper-inflammatory stage of sepsis.
IL-38, previously termed IL-1F10, is a poorly characterized cytokine belonging to the IL-1 family. IL-38 is extensively expressed in several tissues including spleen, thymus, foetal liver, placenta, lung and heart. It is also expressed in proliferating B cells and epithelia. 31 Interestingly, IL-38 can be released from apoptotic cells to control inflammatory macrophage and Th17 response. 32 binds to the IL-36 receptor (IL-36R) and has been proposed as an IL-36R antagonist based on sequence homology studies. 33 The expression of IL-38 is correlated tightly with various inflammatory and autoimmune disorders such as infection, asthma, systemic lupus erythematosus, psoriatic arthritis and rheumatoid arthritis. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] It was reported that IL-38 levels were elevated in patients with sepsis, and administration of recombinant murine in mice could protect against challenge with LPS and sepsis induced by CLP without affecting bacterial phagocytosis. 43 However, little is known about the influence of IL-38 on the activity of CD4 + CD25 + Tregs in sepsis-induced immune dysfunction.
In the current study, we aimed to investigate the role of IL-38 in mediated activity of CD4 + CD25 + Tregs during sepsis in a murine model. Our results identified a novel biological effect of IL-38 on host immune response and elucidated its potential mechanism in the pathogenesis of sepsis.
| MATERIAL S AND ME THODS

| Ethics statement
All experiments were performed in accordance with the guide- 
| Animals and reagents
Male BALB/c mice aged 6-8 weeks old were purchased from the Laboratory Animal Center of the Chinese Academy of Medical 
| Purification and culture of CD4 + CD25+Tregs and CD4 + CD25−T cells
CD4 + CD25 − T cells and CD4 + CD25 + Tregs were isolated from murine splenocytes in a two-step procedure following the manufacturer's instructions (MiltenyiBiotec). Firstly, non-CD4 + T cells were magnetically labelled with a cocktail of biotin-conjugated antibodies (10 μL per 10 7 cells) at 4°C for 10 minutes, followed by incubation with anti-biotin monoclonal antibodies conjugated to microbeads (20 μL per 10 7 cells) and CD25-PE (10 μL per 10 7 cells) at 4°C for 15 minutes in the dark. The cell suspensions flowed through a LD magnetic-activated cell sorting (MACS) column to bind labelled cells and allow CD4 + T cells to pass through. Secondly, the flow-through of CD4 + T cells was centrifuged and then incubated with anti-PE microbeads (10 μL per 10 7 cells) at 4°C for 15 minutes in the dark.
Finally, CD4 + CD25 + Tregs were retained on the MS MACS column and isolated from the pre-enriched CD4 + T cell fraction. The flowthrough CD4 + CD25 − T cells were collected. Cells were stained with trypan blue for counting in a haemocytometer.
CD4 + CD25 + Tregs and CD4 + CD25 − T cells were cultured separately in RPMI 1640 medium containing 10% foetal bovine serum (FBS) in 5% CO 2 at 37°C. Cells were treated with 2 μg/mL soluble anti-CD3 monoclonal antibody and 2 μg/mL soluble anti-CD28 monoclonal antibody. In some experiments, cells were also stimulated with LPS (5 μg/mL). After 2 hours, IL-38 was added to the medium at concentrations of 50, 100 or 200 ng/mL, and cultures were incubated for 48 hours. These CD4 + CD25 + Treg cultures were then used for suppressive activity assays and molecular marker measurements. Culture supernatants were harvested for the evaluation of cytokines (IL-10 and TGF-β1).
| Carboxyfluorescein succinimidyl ester staining
Sorted CD4 + CD25 − T cells were washed with phosphate-buffered saline (PBS) and then resuspended (10 6 /mL) in PBS containing 1 μL of CellTrace™ stock solution. The labelled cells were incubated for 20 minutes at 37°C, protected from light. Cells were pelleted by centrifugation at 400 g for 7 minutes and resuspended in fresh prewarmed complete culture medium. Cells were incubated for at least 10 minutes at room temperature to allow the CellTrace™ reagent to undergo acetate hydrolysis.
| Suppressive activity assay
Following stimulation with LPS and IL-38, CD4 + CD25 + Tregs (10 5 ) were co-cultured 1:1 with CD4 + CD25 − T cells in U-bottom 96-well plates. Cell co-cultures were suspended in fresh culture medium, treated with 2 μg/mL soluble anti-CD3 monoclonal antibody and 2 μg/mL soluble anti-CD28 antibody, incubated for 72 hours and analysed using flow cytometry. The proliferation of CFSE-labelled CD4 + CD25 − T cells was determined using a FlowJo system (BD Bioscience). Cell supernatants were harvested for ELISA (IL-2, IL-4 and IFN-γ).
| Flow cytometry
CD4 + CD25 + Tregs were collected, washed twice with PBS, incubated in fixation/permeabilization solution, washed with permeabilization buffer and incubated for 30 minutes (at 4°C in the dark) with PE-cyanine7-conjugated antibody against Foxp3 or antimouse APC-conjugated antibody against CD152 (CTLA-4). Then, cells were washed with PBS and fixed in 1% formaldehyde solution for flow cytometry analysis performed with a FACSCalibur (BD Bioscience).
| ELISA
Levels of IL-2, IL-4, IL-10, IFN-γ and TGF-β1 were analysed by ELISA following manufacturer's instructions. Chromogenic reactions were F I G U R E 1 Expression of IL-38 and its receptor IL-36R in murine CD4 + CD25 + Tregs after LPS stimulation. CD4 + CD25 + Tregs were isolated from murine splenocytes. (A, B) IL-38 mRNA levels in CD4 + CD25+Tregs stimulated with 0.5, 1 or 5 μg/mL LPS for 12, 24 or 48 h. C, IL-36R mRNA expression in CD4 + CD25+Tregs stimulated with LPS (5 μg/mL) for 48 h. (D, E) IL-38 protein levels in CD4 + CD25 + Tregs stimulated with 0.5, 1 or 5 μg/mL LPS for 12, 24 or 48 h. F, Mean fluorescence intensity (MFI) of IL-38 expression in CD4 + CD25 + Tregs stimulated with LPS (5 μg/mL) for 48 h, as analysed using laser scanning confocal microscopy. *P < .05, **P < .01, vs the PBS control group (n = 3 per group) terminated by adding 100 μL of orthophosphoric acid. Plates were measured on a microplate reader (Spectra MR; Dynex).
| Laser scanning confocal microscopy
Cultured murine CD4 + CD25 + Tregs (10 6 ) were collected, washed twice with PBS and suspended in 500 μL of PBS. Then, samples were incubated with polyclonal rabbit anti-IL-38 antibody (1:500), followed by FITC-conjugated AffiniPure goat anti-rabbit IgG (1:100) for 1 hour at 37°C. Finally, cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) and imaged using a laser scanning confocal microscope (Leica).
| Quantitative reverse transcription-polymerase chain reaction (PCR)
Total mRNA from murine CD4 + CD25 + Tregs was extracted using 
| Sepsis model
Caecal ligation and puncture was performed to establish a mouse model of polymicrobial sepsis. In brief, mice were anaesthetized intraperitoneally with 0.3% sodium pentobarbital, and the caecum was exposed, ligatured at its external third, and punctured with a 26-gauge needle (non-severe CLP) or a 22-gauge needle (severe CLP). Subsequently, the caecum was returned, and the incision was closed. In the sham group, animals underwent an identical procedure without caecum ligation or puncture. Mice received 1 mL of 0.9% subcutaneous saline solution for resuscitation. At the end of the survival experiment, all living mice were anaesthesized using 0.3% sodium pentobarbital and sacrificed by cervical dislocation.
| Effect of IL-38 administration on sepsis in mice
For cytokine treatment, severe CLP animals were injected intraperitoneally with 1 μg of IL-38 at 2 hours before or after severe CLP. In some experiments, severe CLP mice were administered 0.25, 0.5 or 1 μg IL-38 per animal at 2 hours before severe CLP. Control animals received PBS vehicle in a similar fashion.
| Effect of anti-IL-38 antibody on sepsis in mice
Non-severe CLP mice were injected intraperitoneally with anti-IL-38 antibody (50 μg per mouse) immediately after non-severe CLP, followed by a booster dose of 50 μg 24 hours later. Rat IgG1 was administered as a control. 
| Depletion of CD4 + CD25 + Tregs by anti-CD25 antibody
| Statistical analyses
Data from measured parameters were expressed as the mean ± standard deviation (SD) of at least three experiments. Differences between groups were evaluated for significance using the Brown-Forsythe test or, when appropriate, one-way ANOVA followed by Dunnett's test. Survival rate was performed using Kaplan-Meier survival curves followed by the log-rank test. All analysis was done using SPSS (IBM). P < .05 was considered statistically significant.
| RE SULTS
| IL-38 expression in murine CD4 + CD25 + Tregs following LPS stimulation
It has been documented that IL-38 expression is presented in B cells and epithelia, as well as apoptotic cells. IL-38 can be induced by pro-inflammatory stimuli in various pathological states. Previous studies showed that LPS treatment promoted CD4 + CD25 + Tregs proliferation and enhanced their suppressive activities, providing evidence that Tregs directly responded to pro-inflammatory bacterial products and contributed to inflammation control. 16 In this study, IL-38 and its receptor IL-36R were positively expressed in murine CD4 + CD25 + Tregs, and their expressions were markedly higher after stimulation with 5 μg/mL LPS for 24 and 48 hours than that of the controls treated with PBS ( Figure 1 ).
| Effects of IL-38 on expression of Foxp3 and CD152 (CTLA-4) in CD4 + CD25+Tregs
Effects of IL-38 on expression of Foxp3 and CD152 were meas- 
| Effects of IL-38 on productions of IL-10 and TGF-β1 in CD4 + CD25 + Tregs
We examined the production of anti-inflammatory cytokines 
| Influence of IL-38 on CD4 + CD25 + Tregmediated immunosuppression
CD4 + CD25 + Tregs were pre-incubated with IL-38 for 48 hours and then co-cultured with CD4 + CD25 − T cells in a 1:1 ratio. Cell co-cultures were incubated for 72 hours, and then, CD4 + CD25 − T cell proliferation was assessed by CFSE staining. Co-culture of CD4 + CD25 − T cells with CD4 + CD25 + Tregs pre-treated with IL-38 at 50, 100 or 200 ng/mL induced stronger suppression of lymphocyte proliferation than the co-culture of CD4 + CD25 − T cells with CD4 + CD25 + Tregs pre-treated with PBS ( Figure 4A,D) . LPS stimulation strengthened the immunosuppressive ability of CD4 + CD25 + Tregs, and these effects were increased when CD4 + CD25 + Tregs were treated with IL-38 (100 ng/mL) ( Figure 4B,E) . Consistently, CD4 + CD25 + Tregs from CLP mice that had been treated preoperatively with IL-38 obviously dampened CD4 + CD25 − T cell proliferation ( Figure 4C ,F). Figure 5B ). In addition, we found that co-culture of 
| Impact of IL-38 on the secretion of IL-2, IL-4 and IFN-γ in CD4 + CD25 − T cells
| Blockade of IL-38 down-regulated the capacity of IL-38 to activate CD4 + CD25 + Tregs
In order to assess the possible effect of IL-38 on the immunosuppressive ability of CD4 + CD25 + Tregs in sepsis, we stimulated cells F I G U R E 6 Blockade of IL-38 down-regulated the capacity of IL-38 to activate CD4 + CD25 + Tregs. CD4 + CD25 − T cells and CD4 + CD25 + Tregs were isolated from murine splenocytes. After pre-stimulation with IL-38 at 100 ng/mL, CD4 + CD25 + Tregs were treated for 48 h with anti-IL-38antibody (500 ng/mL) together with LPS (5 μg/mL). In other experiments, mice were intraperitoneally treated IL-38 (1 μg per animal) then subjected to CLP 2 h later and finally given anti-IL-38 antibody intraperitoneally (50 μg per mouse) immediately after CLP, (Figure 6 ).
| Impact of IL-38 on the survival rate of septic mice
To evaluate whether the influence of IL-38 on CD4 + CD25 + Tregs affected septic outcomes, we further examined the impact of IL-38 on the mortality rate of severe CLP mice. It revealed that IL-38 remarkably decreased CLP-associated mortality when administered 2 hours before and after CLP (Figure 7A,B) . These results showed that IL-38, particularly when delivered early, could provide therapeutic benefits against sepsis. To investigate the potential detrimental impact of blocking IL-38 on sepsis, we established a model of non-severe CLP followed by anti-IL-38 antibody administration. In these animals, CLP-induced mortality was higher after treatment with anti-IL-38 antibody ( Figure 7C ).
| CD4 + CD25 + Tregs were required for IL-38mediated protection against sepsis
We studied the potential role of CD4 + CD25 + Tregs in IL-38-mediated protection against sepsis in vivo. Treatment with anti-CD25 antibody greatly reduced percentages of splenic CD4 + CD25 + Tregs ( Figure 8A,B) . Strikingly, depletion of CD4 + CD25 + Tregs decreased the survival rate of septic mice treated with IL-38 ( Figure 8C ), suggesting that CD4 + CD25 + Tregs were required for IL-38-induced protection following septic challenge.
| D ISCUSS I ON
There is no specific pharmacotherapy for septic patients, although manipulation of immune response may be a promising strategy for an effective treatment. [17] [18] [19] [20] [21] [22] [23] [24] It is well known that Tregs play a critical role in regulating immune homeostasis, including several pathological conditions such as allergic lung inflammation, autoimmune diseases, transplant rejection and tolerance. [1] [2] [3] [4] [5] [6] [7] [8] Here, we found the recently discovered cytokine IL-38 to be a potent immune regulator that improved host immune reaction of CD4 + CD25 + Tregs together with prevention the development of sepsis. Our results showed that IL-38, the most recently characterized member of the IL-1 family cytokines, is abundantly expressed in various tissues and cells following stimulation with rhinovirus, inflammatory cytokines, F I G U R E 8 Impact of CD4 + CD25 + Treg depletion on IL-38-mediated protection against sepsis CD4 + CD25 + Tregs was isolated from murine splenocytes. (A, B) Flow cytometry plots showed CD4 + CD25 + Tregs in the spleen at 48 h after treatment with anti-CD25 antibody (PC61) (n = 6 per group). ***P < .001 vs mice treated with IgG1 as a control. C, Survival rates of mice depleted of CD4 + CD25 + Tregs by PC61 and treated with IL-38 after severe CLP. Groups were compared by the log-rank test (n = 25 per group). ***P < .001 vs mice treated with IgG1 as a control bacteria, Toll-like receptor (TLR) agonists or other pathogens, although IL-38 expression in CD4 + CD25 + Tregs has been unclear. [31] [32] [33] There is growing interest in investigating the regulatory pathway of IL-38 in the pathogenesis of inflammatory and autoimmune disorders. High concentrations of IL-38 have been observed in patients with asthma, chronic hepatitis B, rheumatic arthritis and Crohn's disease, and its expression is associated with the severity of these diseases. [34] [35] [36] [37] [38] [39] [40] [41] [42] IL-38 production is elevated in clinical sepsis and negatively associated with the number of blood leucocytes and expression of inflammatory cytokines. 43 Moreover, rmIL-38 administration can modulate inflammatory response and facilitate bacterial clearance.
Nevertheless, the potential role and underlying mechanism with regard to IL-38 in the host immunity in the setting of sepsis remains to be elucidated. 43 In the present study, our findings indicated that both IL-38 mRNA and protein were expressed in CD4 + CD25 + Tregs and were strongly up-regulated after LPS stimulation. Previous work revealed that LPS could activate CD4 + CD25 + Tregs via TLR4 signalling. Intriguingly, we noticed that IL-38 could markedly improve the immune function of CD4 + CD25 + Tregs in sepsis. As we known, Tregs use different pathways to limit inflammatory and immune responses. In particular, Foxp3 and CD152 are rec- CD4 + CD25 + Tregs to augment the release of anti-inflammatory IL-10 and TGF-β1. We also confirmed that these anti-inflammatory cytokines help mediate the immunosuppressive activity of CD4 + CD25 + Tregs. IL-10 and TGF-β1 have been reported to down-regulate immune response in animal models of various diseases including inflammatory bowel disease, colitis, tumours and diabetes. 1, 4, 5, 10 It is established that helper T cells are classified into Th1 and Th2 subsets by cytokine production following stimulation, and Th1/Th2 imbalance contributes in the immune dysfunction. [19] [20] [21] [22] Sepsis is typically characterized by initial hyper-inflammatory Th1 response, which is associated with disease severity and mortality.
Strikingly, Tregs are effective to maintain Th1/Th2 balance and dampen excessive pro-inflammatory response and immunopathology during early-phase of sepsis. 1, 3 In the current study, we antibody, therefore providing evidence that IL-38 could improve the immune activities of CD4 + CD25 + Tregs in sepsis.
IL-38 may help counteract various inflammatory pathologies, as
reflected by a decrease in local and systemic inflammation (eg Th17 cytokines, TNF-α, IFN-γ and chemokines), inhibition of receptor activator of nuclear factor kappa-B ligand (RANKL) and improvement of bacterial clearance. 31, 32 However, IL-38 does not appear to affect intrinsic antibacterial activity of phagocytes. 43 The present study showed that early replenishment of IL-38 was associated with a higher survival rate in mice challenged with polymicrobial sepsis, indicating that IL-38-mediated responses in CD4 + CD25 + Tregs could restrain early hyper-inflammation and protect against septic complications. More importantly, IL-38 appears to exert these benefits, at least in part, by regulating immune function of CD4 + CD25 + Tregs, as depletion of these cells decreases the survivals of septic mice treated with IL-38.
The current study presents several limitations. Firstly, we ver- with other cytokines may be a promising anti-sepsis therapy.
| CON CLUS IONS
Our results demonstrate enhanced expression of IL-38 in CD4 + CD25 + Tregs in a murine sepsis model and highlight the immune activity of CD4 + CD25 + Tregs. The effects of IL-38 can be reversed by anti-IL-38 antibody. Strikingly, our data from CLP mice suggest that treatment with IL-38 can notably improve the survival rate of septic mice and confirm that CD4 + CD25 + Tregs are required for the beneficial effects of IL-38 in the development of sepsis. 
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